One major parvalbumin each was isolated from the skeletal muscle of two reptiles, a boa snake, Boa constrictor, and a map turtle, Graptemys geographica, while two parvalbumins were isolated from an amphibian, the salamander Amphiuma means. The amino acid sequences of all four parvalbumins were determined from the sequences of their tryptic peptides, which were ordered partially by homology to other parvalbumins. Phylogenetic study of these and 16 other parvalbumin sequences revealed that the turtle parvalbumin belongs to p lineage, while the salamander sequences belong, one each, to the a and p lineages defined by Goodman and Pechire ( 1977). Boa parvalbumin, however, while belonging to the p lineage, clusters within the fish in all reasonably parsimonious trees. The most parsimonious trees show many parallel or back mutations in the evolution of many parvalbumin residues, although the residues responsible for Ca*+ binding are very well conserved. These most parsimonious trees show an actinopterygian rather than a crossoptyrigian origin of the tetrapods in both the u and p groups. One of two electric eel parvalbumins is evolving more than 10 times faster than its paralogous partner, suggesting it may be on its way to becoming a pseudogene. It is concluded that varying rates of amino acid replacement, much homoplasy, considerable gene duplication, plus complicated lineages make the set of parvalbumin sequences unsuitable for systematic study of the origin of the tetrapods and other higher-taxa divergence, although it may be suitable within a genus or family.
Introduction
Problems in evolution or taxonomy are classically studied by the analysis of fossil records and the morphology of current representatives. The fossils directly illuminating the origin of the tetrapods, particularly for the amphibians, are scarce, and the early evolution of the tetrapods has remained uncertain. Since Fitch and Margoliash (1967) demonstrated the use of orthologous amino acid sequences for the systematic study of evolutionary relationships, a variety of proteins and taxa has been examined with the method. It is important to determine the degree to which the phylogenetic trees based on different proteins agree with each other as well as with the tree based on other biological data. For this, one must have several protein sets differing in function but covering the same organisms, but there has previously been insufficient effort to sequence proteins from species of taxonomic interest or which round out a set of proteins from a single taxon.
In an attempt to round out the amino acid sequences of orthologous proteins for the systematic study of the early evolution of tetrapods, we previously sequenced a myoglobin from the map turtle (Maeda and Fitch 198 la) and the lace monitor lizard (Maeda and Fitch 198 lb) as well as a monomeric heme protein of bullfrog heart muscles (Maeda and Fitch 1982) . We had difficulty, however, in isolating myoglobin from amphibian muscles, leaving the current myoglobin data inadequate for the resolution of tetrapod origins (Maeda and Fitch 198 1 b) . Since it is important to compare several protein sets different in function but covering the same taxa as far as possible, we turned to parvalbumins.
Parvalbumins are small and acidic calcium-binding proteins especially abundant in the white muscle of fish and amphibians. The recent studies on the parvalbumins in muscles of rabbit (Lehky et al. 1974; Enfield et al. 1975) , rat (Berchtold et al. 1982) , and chicken (Heizmann and Strehler 1979) , however, have revealed the presence of this protein in a wider range of vertebrates. Because of their relative ease of purification and small size, interest in this family of homologous proteins in systematic study has increased (Pechire et al. 1973; Goodman and Pechere 1977; Goodman et al. 1979) .
A paper (Zhu et al. 1984) describes the isolation and amino acid sequence of P-type parvalbumins from muscle of the electric eel, Electrophorus electricus. In this paper we describe the isolation and sequence of two parvalbumins from a salamander, Amphiuma means, and one each from a boa snake, Boa constrictor, and a map turtle, Graptemys geographica, and discuss their evolutionary implications using a most-parsimonious-tree method (Fitch 197 1; Fitch and Far-x-is 1974) .
Material and Methods Animals
A salamander, Amphiuma means, and a snake, Boa constrictor, were purchased from Rand McNally and Company, Chicago, Illinois, and Marine Serpentorium Labs, Miami, Florida, respectively. Map turtles were a kind gift of Dr. J. Bull of the University of Wisconsin.
Protein Isolation and Amino Acid Sequence Determination
We shall use Apa, Bpa, and Tpa to designate Amphiuma, boa, and turtle parvalbumins, respectively. Isolation of proteins, disc gel electrophoresis, amino acid analysis, and fragmentation and separation of peptides are essentially the same as described previously (Maeda and Fitch 198 la; Zhu et al. 1984) . As parvalbumins have a typical UV absorption spectrum, with maxima at 253, 259, 265, 269, and 276 nm (Pechere et al. 1973) , elution and purification of protein were monitored by checking absorption spectra. Edman degradation of peptides (-0.1-0.2 pmol) was carried out manually, and phenylthiohydantoin derivatives were identified by thin-layer chromatography and by amino acid analysis after alkali or acid hydrolysis, as described previously (Maeda and Fitch 198 la) .
Phylogenetic Reconstructions
Four parvalbumin sequences (this paper) and two of electric eels (Zhu et al. 1984) were compared with 14 other available sequences, and the most parsimonious tree was constructed by the method of Fitch ( 197 1) and Fitch and Farris ( 1974) .
Results
Isolation of Amphiuma means Parvalbumins, Apa-l and ApaFrom a homogenate of 300 g of A. means muscle, 300 mg of protein was recovered as a single fraction, Apa, by DE-52 ion exchange column chromatography, in 0.02 M Tris/HCl buffer, pH 8.4, containing 2 mM CaCl*, and NaCl increasing from 0 to 0.3 M. This fraction, though showing a single band of MW -15,000 on SDS-disc gel electrophoresis, separated into three peaks on Sephadex G-50 gel filtration in 0.5 M acetic acid. The difference of amino acid compositions and of A260/A280 ratio of these peak components suggested that Apa contained at least two components. The relative amount of protein in the three Sephadex G-50 fractions differed depending on the Ca2' ion concentration in the elution buffer. With 2 mM CaC12 in the elution buffer, the third peak (Ve/V, -0.3) was the major peak, whereas without CaC12, the second peak (Ve/V, -0.15) was the major peak, where Ve/VT is the ratio of the elution volume of the peak to the total column volume. Electric eel parvalbumin-1 (Zhu et al. 1984) eluted at Ve/V, -0.3 under either condition. Apa was separated into its components on a DE-52 column in 0.02 M sodium acetate buffer, pH 5.9, containing 1 mM CaC12 with acetate buffer concentration increasing linearly to 0.2 M. Four fractions, Apa-l through Apa-4, were obtained. Apa-l gave a single band on gel electrophoresis at pH 9.5, whereas Apa-2, -3 and -4 each gave the same pattern of bands although with different intensities. Amino acid analysis of Apa-2, -3, and -4 showed no differences in their composition. They have two cysteine residues. Presumably, unstable polymerization occurred when Apa was desalted in 0.5 M acetic acid. Apa-l and Apa-were used for amino acid sequence studies. The A260/A280 ratio of Apa-l is 1.80, whereas it is 1.13 for Apa-2, reflecting the difference in tyrosine content (one and two residues per Apa-l and Apa-2, respectively; table 1).
Isolation of Boa and Turtle Parvalbumin
From a homogenate of 350 g of boa muscle, 350 mg of major parvalbumin component (Bpa) was recovered from DE-52 column chromatography at pH 8.4. Rechromatography on DE-52 under the same condition or at pH 5.9, as well as on a Sephadex G-50 column, gave a single peak. Bpa was electrophoretically pure (SDS-disc gel electrophoresis and gel electrophoresis at pH 9.5). Two other fractions with UV absorption spectra typical of parvalbumins were recovered from muscle extract. One of them had a higher absorption at 180 nm than at 260 nm, suggesting the presence of a tryptophan. The amount was low (-2% of total parvalbumin fraction recovered), and we did not study it further.
Turtle muscle contains a relatively high amount of myoglobin (Maeda and Fitch 198 la) . Parvalbumin co-eluted with myoglobin from a DE-52 column at pH 8.4. The parvalbumin (Tpa) was separated from myoglobin by DE-52 column chromatography in 0.02 M sodium acetate buffer, pH 5.9, containing 1 mM CaC12, and rechromatographed under the same condition and gel filtered on Sephadex G-50. Electrophoretically pure material (Tpa, 65 mg) was obtained from 200 g of muscle. As shown in table 1, Tpa composition shows somewhat less aspartic acid and somewhat more valine and lysine than determined from the sequence. This suggests that the preparation still contains a little myoglobin (Maeda and Fitch 198 la) , but this did not cause any trouble in the sequence study.
Amino Acid Sequence Determination
Apa-1, which does not have any cysteine residues, was denatured at 90 C for 20 min in 0.05 M Tris/HCl buffer, pH 8.0 (11 mg/ml), prior to digestion with trypsin. Apa-2, Bpa, and Tpa were carboxymethylated with monoiodoacetic acid in 0.2 M Tris/HCl buffer, pH 8.5, containing 6 M guanidine-HCl, 2 mM EDTA, and 0.2 M dithiothreitol. Excess reagents were removed by gel filtration on a Sephadex G-75 column in the dark.
All four proteins have a blocked N-terminus. The N-terminal tryptic peptide of each was further digested with thermolysin and the N-terminal residue detected by thin-layer chromatography in n-butanol/acetic acid/H20 (4: 1:2, by volume) or in n-butanol/pyridine/HzO
( 1: 1: 1, by volume) and by thin-layer electrophoresis at pH 4.8. For each of the four proteins, the mobility of this N-terminal residue is the same as a standard N-acetylalanine. Thus, the N-terminal amino group of each protein is presumably acetylated as in other parvalbumins (Pechere et al. 1973) . . . . Amino acid sequences were deduced mainly from those of tryptic peptides, as shown in figure 1. Some tryptic peptides were ordered by homology. Exceptions are as follows.
Cyanogen bromide cleavage of Apa-l was carried out in 70% HCOzH and in 75% trifluoroacetic acid (TFA). Neither condition produced a new terminal residue in good yield because the methionine is followed by threonine. Tpa has two methionines. One residue, followed by alanine, was cleaved by CNBr in 70% TFA, quantitatively producing peptide CNBrIV; the other, followed by threonine, was cleaved poorly.
Fourteen cycles of Edman degradation were carried out on CNBr-treated Apa-1, as shown in figure la.
Tryptic digestion of Apa-l produced free arginine and lysine residues. The homology of the tryptic peptide sequences could not locate these residues. Clostridio peptidase B (Worthington Biochemical Co.) digestion of Apa-l did not produce the digests specific to arginine residues in our experiment. The a-amino groups of Apa-1 (3 mg) were blocked with 1,2,4-benzene-tricarboxylic anhydride (40 mg) as described previously (Maeda and Fitch 198 la) . The tryptic digest was subjected to six cycles of manual Edman degradation without separating peptides. The mixture of PTH-amino acids produced at each step could be explained by the sequences of Th-3, Tk-d, and Td-2. This result located the arginine residue at position 38, prior to peptide Td-2, and the lysine residue, as a consequence, at position 28.
The a-amino groups of Bpa were blocked in the same way, and the tryptic peptides were separated by Sephadex G-50 column chromatography. BTC-3 was isolated pure, which gave the alignment of TV55, TIIIf, TVI-1, TV5-2, and TVI-3. BTC-2 was not free from BTC-1 contamination, but 13 cycles of Edman degradation could align TIIIc and TIIIe and explained the C-terminal part of the molecule.
Tryptic digestion of Tpa gave TId and TIa in one experiment and peptides DE7 180 and Tpa ppt in another experiment instead of the expected peptide for residues 55-75. This could have been caused by contaminating chymotryptic activities in the trypsin. It may also mean that the region is quite susceptible to enzymic digestion for some unknown reason.
Discussion
Figure 2 summarizes the 20 aligned parvalbumin sequences used to study the phylogeny. Gaps were introduced to improve the similarity. The rat sequence (Berchtold et al. 1982) , which is very close to rabbit, was reported after this work was completed and so was not used. The most parsimonious tree found for the 20 sequences is shown in figure 3a . Parvalbumin sequences were divided into two major groups, a and p, by Pechere et al. (1973) . Sequences l-5 in figure 2 belong to the a group, and 6-20 belong to the p group. The ray is placed in this group because it is consistently associated with the p coelacanth when all 10,395 possible trees for eight taxa composed of sequences 6, 7, 8, 9, 10, and 11 and the ancestral sequences of the a group ( l-5) and the fish p group ( 12-20) are examined.
All 20 sequences share 22 residues in common. They are Asp-12, Phe-26, Phe-3 1, Gly-36, , Gly-100, and Glu-103. These residues locate and make two calcium-binding regions (Kretsinger and Nockolds 1973) except for Arg-77 and Glu-83, which are responsible for a salt of amino acid sequences of parvalbumins. Sequences used for phylogenetic study were aligned with gaps (') to improve the similarity. Positions whose amino acid is identical in all 20 sequences are enclosed in boxes. The taxa are: pike = Esox lucinus (Frankenne et al. 1973; Gerday 1976) ; coelacanth = Latimeria chalumnae (Jauregui-Adell and Pechire 1978; Pechere et al. 1978) ; amphiuma = Amphiuma means; frog = Rana esculentu (Capony et al. 1975; Jauregui-Adell et al. 1982) ; rabbit = Oryctolugus cuniculus (Enfield et al. 1975 ); thomback ray = Ruju cluveutu (Thatcher and Pechere 1977) ; turtle = Gruptemys geogruphicu; boa = Boa constrictor; whiting = Gudus merlungus (Joassin and Gerday 1977) ; cod = Gudus cullarias (Elsayed and Bennich 1975) ; hake = Merluccius merluccius ); chub = Leuciscus cephulus (Gerday et al. 1978 ); electric eel = Electrophorus electricus (Zhu et al. 1984 bridge, and Leu-79, which is responsible for hydrogen binding with . The function of Phe-72 and Thr-84 is not known. It is obvious that the residues in the C-terminal portion of the molecule are more conserved than those in the Nterminal part. Although there are two major groups, the only distinctive amino acid-sequence feature separating these two groups is position 34, where the a group sequences have hydrophobic residues and p group sequences have lysine residues in common.
Amphiuma Apa-l belongs to the u group, whereas Apa-belongs to the p group, as does turtle Tpa. Boa Bpa, like other a sequences, has three residues following the nearly constant leu-val in positions 107-108. This differs from the p group, which has only two additional residues (except for whiting). Nonetheless, Bpa belongs to the p group.
Bpa, which, like Tpa and others, has cysteine at position 20, has a unique Cys at position 28. Cysteine-35 of Apa-is also present in frog a and whiting, while cysteine-73 of Apa-is a unique replacement. Other unique residues found in Apa-1 sequences are Ala-25 (Ser in all others), Phe-28 (His or Tyr is common), Arg-40 and Arg-56 (both Lys are common), and Asp-86 (the only other negative 
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charged side chain is Glu in Bpa). Unique residues found in Bpa are Gly-16 (Ala in all others), Asp-73, and Lys-75 (no other positive charge at this position), in addition to the Cys-28 and Glu-86 mentioned above. These positions are rather on the surface of the molecule and probably do not affect the function.
The biological tree ( fig. 3b) is, among the fish (see table 2), generally consistent with the views of Romer (1966) and of Greenwood et al. (1966, fig. 1 ) in which the teleosts divide into three major groups represented here by the orders Salmoniformes (pike), Cypriniformes (carp, chub, and eel), and Gadiformes (cod, whiting, and hake). The order of their divergence is not apparent in these authors' works, and the choice of making the Gadiformes come off first is based on the slender reed, in this case, of parsimony. The most parsimonious tree does violence to the cohesion of these three groups in that it takes the chub from the Cypriniformes and the whiting from the Salmoniformes and makes the two of them a sister group that together constitute the sister group of the cyprinids. Forcing the two carp sequences to be recently paralogous (i.e., the result of a gene duplication), we examined all 10,395 trees for these fish sequences (fig. 4) ; and the most parsimonious tree for that set is identical with their section of the most parsimonious tree. It would have cost four extra substitutions to make the chub the sister group of the carp and electric eel, leaving the whiting where it is.
That there are twice as many minimum base differences between whiting and cod as between whiting and carp (m-60:30) suggests, since cod and whiting are classified in the same genus, that the cod and whiting sequences are paralogous. This is not unreasonable since there is ample evidence for gene duplication in the parvalbumins, the two pike, carp, and electric eel sequences clearly being the result of three separate gene-duplication events.
The other Osteichthys, the coelacanth, belongs to a separate subclass (Sarcopterygii) from the others (Actinopterygii) and is shown in the biological tree diverging before the others but after the divergence of the ray, the only member of the Chondrichthyes. This set of higher-order relationships is preserved in the most parsimonious tree as well.
The biological tree shows the tetrapods as diverging from the crossoptyrigian lineage, but the sequence data demand that the frog, salamander, turtle, and rabbit sequences instead diverge early from the actinopterygian lineage. This is true in both the a and p sequence groups and is found by Baba et al. (1984) , who examined some of these parvalbumins in the context of other calcium-binding proteins. To bring the tetrapods off the crossopterygian line would cost 17 extra nucleotide substitutions, 11 in the alphas and six in the betas. This casts doubt on the crossopterygian origin of the tetrapods.
The boa does not fall close to the other reptile, the turtle, in these data. Indeed, the boa sequence has 25% more unavoidable discordancies when compared with the turtle than it has when compared to the whiting (45 vs. 36). (Unavoidable discordancies are differences that must lead to extra homoplasious [= parallel + reverse] substitutions irrespective of tree structure; see Fitch [ 19771) . These unavoidable discordancies ultimately demand that the boa sequence be the sister sequence of the whiting; we have examined another set of 10,395 trees, trying without success to get the boa sequence to go elsewhere. This result could be explained by asserting that the two reptile sequences are paralogous (after all, there are only 25 unavoidable discordancies between the turtle and the salamander), but there is no other evidence to support paralogy. We have already suggested such an explanation involving the whiting and the chub. It should be noted that these two suggestions of paralogy are logically separated; one such gene duplication cannot be used to explain both observations.
Another conflict occurs within the tetrapods in that the divergence of the amniotes comes off different amphibian lineages in the two major parvalbumin groups, with the rabbit a being the sister sequence of the frog a and the turtle p being the sister sequence of the salamander sequence. The situation in the a group is consistent with the ideas of Jarvic (as discussed in Parsons and Williams [ 19631) . In neither group of sequences are the anurans and urodeles the sister sequences of each other. To make them such would cost five extra substitutions in the alphas plus three extra in the betas. Thus, for neither group are the amphibians monophyletic.
When the analysis of sequence data conflicts with established opinion, the reasons may be various, but the major dichotomy is between whether the sequence data or the established opinion is the problem. In the present case, the only instance where we argue that the sequence data give strong indications that the established phylogeny may be wrong is in their indication of the tetrapods arising from the actinopterygians. This is because both the cc and p parvalbumins show the same result, and it is particularly strong in the a group.
The problems that see the whiting sequence associated with the chub and the boa with the whiting are just too radical to permit a suggestion that the phylogeny is wrong. That the two associations evidence two additional instances of paralogy is reasonable but should have additional support to rule out the possibility that grossly unequal rates of evolutionary change in different lineages are not the cause of the observations.
The problems within the tetrapods are best explained as the result of simple stochastic variability.
The relative rates of change in both the biological and most parsimonious trees show large differences. In the latter's case, the minimal number of substitutions in the two lines of descent since their common ancestor varies more than twofold for each of the pairs whiting:chub, cod:hake, and rabbit:frog. Moreover, it is more than tenfold for eel-l :eel-2, suggesting that eel-2 may no longer be under much selective constraint. This would be rather like a pseudogene if it were not for the fact that this gene is expressed. The degree of variability between these different lineages seems rather larger than that seen in other proteins and makes any phylogenetic conclusion drawn from the parvalbumins more hazardous than usual.
The number of codons showing substitutions is 89. The average number of nucleotide substitutions per codon is 6.5 (range 1-17; see insets, fig. 3a, b) . This is rather large for only 20 taxa and indicates a potential source of problems in phylogeny reconstruction. Felsenstein (1979) has shown that high and unequal rates of character-state change in different lines of descent are precisely the conditions most apt to cause a parsimony procedure to give the incorrect historical relationships. Those conditions appear to be present in the parvalbumins and lead to the conclusion that parvalbumins are not currently suitable for the study of higher-level (families and above) vertebrate taxonomy. Indeed, they are unlikely ever to be so in the absence of work at the genomic level that sorts out all the paralogies and, possibly, increases the number of taxa as well, especially those in unrepresented orders.
